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Genetic AlgorithmAbstract A model for optimization of orthogonal bend waveguide has been introduced and inves-
tigated. In this study, the connection zone of two orthogonal straight waveguides has been divided
into small parts making their refractive indices changeable. The appropriate refractive index has
been proposed using Genetic Algorithm (GA) searching. The designed structure has lowest bend
loss. Thus, a discrete structure with small bend loss has been suggested for the connection zone
of the orthogonal waveguides. The light propagation has been analyzed by Finite Element (FE)
method in the connection zone.
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University.1. Introduction
When the light wave propagates in the waveguide, various fac-
tors can be considered leading to reduction in the energy of the
wave. Radiation loss is one of the factors which cause the wave
to loss a part of its energy from optical waveguide. However,
the radiation loss can be negligible when a mode of waveguide
is propagated in through it. But in the bent waveguide, the
radiation loss noticeably increases. This can a result of pertur-
bation of light wave and changes the incident angle between320 2426.
. Khanzadeh).
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Hence, when the curvature is increased, i.e., the radius of the
curvature is decreased and the energy loss is larger. The energy
dissipation should normally lead to information loss; there-
fore, paying attention to the energy loss of the waveguide
has a central spatially importance to design and analyze the
waveguides.
As appropriate analysis of the optical wave propagation is
necessary to design and to establish a waveguide, a variety of
theoretical and numerical procedures can be applied to inves-
tigate the wave propagation in a medium. Eventually, we shall
exploit these procedures to calculate the curvature loss of the
waveguide. As a typical example, the Marcuse diffraction the-
ory can be used as a useful analysis to determine the loss in a
waveguide [1]. The numerical approaches have a distinct
advantage over the analytical techniques when it is necessary
to solve differential equations where their exact solutions are
not exist or hard to ﬁnd. In recent decades, the computer sim-
ulation developments have caused the numerical techniques toaculty of Engineering, Alexandria University.
Figure 1 The connection area of two orthogonal straight
waveguides which divided to the small cells.
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popular numerical schemes which is appropriate and ﬂexible
to solve differential equations and electromagnetic problems
is Finite Element (FE) method. We refer the reader [2] for a
comprehensive review of the applications of FE method to
analyze the wave propagation in a medium.
To construct photonic integrated circuits with the ability to
change the direction of the propagated light and to connect
straight waveguides or other components to each other,
exploiting the bent waveguide is inevitable. This phenomenon
will especially be more noticeable when we take into account
the size of such waveguides. Recently, the waveguides smaller
than 50 nm wide have been used in photonic integrated circuits
[3]. To optimize the bend loss in a waveguide, the optimization
methods based on Genetic Algorithm were applied. The opti-
mization method is normally used to optimize an orthogonal
waveguide, whereas the Genetic Algorithm is applied to ﬁnd
an appropriate form for two governing equations describing
the boundaries of the bent waveguide [4]. In this paper, no spe-
ciﬁc form is considered for the connection zone of the orthog-
onal waveguides, and therefore, the technique can be applied
to a wide variety of structures.
In this work, the connection area between two orthogonal
waveguides is partitioned to the small rectangle areas where
the refractive indices can be ﬂexible. The refractive index of
each part determines a gene which to be determined by the Ge-
netic Algorithm. It is noted that although the method allows
designing the ﬂexible bent waveguide, consuming time to ob-
tain the optimal structure may be long.
1.1. Basic equations and methods
FE method is one of the numerical methods to the study of
wave propagation in optical waveguides. This is mostly be-
cause of its ﬂexibility and matching with boundaries. It has
been shown that the FE method is a powerful tool in the
numerically study of the bent waveguides with highly changing
refractive index [2]. However, this method represents a require-
ment of long processing time and large computation memory.
We begin our analysis with a two-dimensional approximation
of the FE approach which can be completely applied to de-
scribe the electromagnetic wave [5]. Starting with Maxwell
equations, the governing equation for electric ﬁeld in a non-
homogeneous medium is obtained as follows:
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where E is the electric ﬁeld amplitude of electromagnetic wave
and er and c are the real part of dielectric function and light
speed, respectively. Using the complex permittivity dependence
to the coordinates x and y in the two-dimensional approxima-
tion e(x,y) and the ﬁeld dependence Ezexp j(kz  xt), one can
yield the following:
r2Ezðx; yÞ þ loeðx; yÞx2E2zðx; yÞ ¼ 0 ð2Þ
The main goal of this paper is to search the appropriate form
for e(x,y)which allows us to transfer the maximum energy from
a straight waveguide to another one which is orthogonal to the
ﬁrst waveguide. This can be done by determining the form of
e(x,y) which is a function of the distribution of the refractive
index. In this process, the desired shape of the bent waveguideshall be obtained. Analytical methods such as calculus of vari-
ations which is a useful tool in presence of the second deriva-
tive and the unknown ﬁeld in boundaries in Eq. (2) are difﬁcult
to be implemented to determine the appropriate distribution of
refractive index and in some cases are impossible. Hence here,
the Genetic Algorithm is used as the searching optimization
method.
1.2. Implementation of genetic algorithm (GA)
As shown in Fig. 1, the vertical distance between the two
orthogonal straight waveguides is about 1.5 lm. This small-
ness makes the distortion for transmission between the input
and the output waveguides with strong loss. As the ﬁrst step,
the connection area was partitioned into small cells
(0.125 lm · 0.125 lm. This allows the refractive index for each
cell to be chosen independently. Now, the Genetic Algorithm
is implemented to drive an appropriate distribution of refrac-
tive index for connection area (Fig. 2). As a general feature,
the refractive indices for the partitioned parts are gene, and
the distribution of refractive index in all areas is used as chro-
mosome for the algorithm. Here, two refractive indices 1 and
1.5 are applied. The refractive indices for sub-areas are deter-
mined by the assigned codes. For example, code ‘‘1’’ represents
the refractive index equals to 1.5 and code ‘‘0’’ represents 1. As
a ﬁrst requirement of the algorithm, the ﬁrst population of
chromosomes must be determined. Finally, as an application,
we analyze wave propagation in each chromosome (connection
zone) and then determine the quality by a cost function. The
cost function of a chromosome is deﬁned as the ratio of trans-
formed power to the output waveguide to the received power
from input waveguide. To calculate the input and output pow-
ers, we simulate Gaussian wave propagation in each chromo-
some by FE method, and then, the input and output powers
can be determined by integration over the input waveguide
end boundary and the output waveguide ﬁrst boundary. When
the cost function is determined, a value will be assigned to each
chromosome of the initial population. The values are regular-
ized as the better chromosome is placed in peak where other
one is placed in lower position. Thus, half of the population
Figure 2 The ﬂowchart for the simulation procedure.
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tion is used to be replaced instead the neglected chromosomes.
Production of new population illustrated here is the so-called
crossover. Typically, to generate new chromosomes in cross-
over mechanism, pairs from remaining chromosomes are ran-
domly determined. Then, mechanism of generation new
chromosome completed by mutation. Now, a new generation
of chromosomes is formed by obtained chromosomes and high
value half population. Applying this approach for severaltimes yields more valued population. However, such process
is terminated when the value of peak chromosomes converges
to an acceptable value. In ﬁnal stage, the chromosome placed
in the peak of the population is used as the medium to connect
orthogonal straight waveguides. The ﬁnal structure would
have the least energy loss. It is noted that the optimal structure
may be achieved after a long processing time from a numerical
standpoint. In our research, the input wave is assumed to have
the Gaussian form with wavelength 1 lm which is exactly
Figure 3 Radiation loss in an ordinary bent waveguide.
Figure 4 (a) Refractive index distribution of obtained structure.
The refractive index of red cells is 1.5 and of blue cells is 1. (b)
Simulation result of wave propagation through obtained structure
by Genetic Algorithm.
528 M. Khanzadeh et al.equal to the mode of the input and output waveguides, and
both waveguides are 0.5 lm wide with refractive index of 1.5.
2. Numerical results
The numerical simulations obtained from GA are summarized
and investigated. First, an ordinary bent waveguide is studied
with a bent area as a quarter-circle with curvature radius
1.5 lm. Also, the difference of the refractive index between
the waveguide and the medium is considered to be large. As
is shown in Fig. 3, a massive energy is lost in bent area.
Numerical simulations show that the waveguide transfers
%70.57 of input energy to output waveguide. Now, two
straight waveguides are partitioned to small areas to let GA
is implemented. The new obtained structure is shown in
Fig. 4a. In this structure, dark cells have refractive index equal
to 1 where refractive index 1.5 is considered for bright cells.
The wave propagation in illustrated structure is shown in
Fig. 4b. According to Fig. 4b, one can ﬁnd out that energy loss
is less in this structure. In the second structure, transport en-
ergy from the input waveguide to the output one is nearly
%85.80. The suggested structure includes ordinary similar bent
waveguide with many small partitioned areas whose refractive
index is equal to 1.5 Fig. 4a. The form of the structure can be
explained by coupled mode theory (CMT). The zone with high
refractive index inside curve results the propagated wave to be
coupled, and the wave returns to its original direction at the
end of the zone. This procedure causes the wave front less
tends toward off-center of the bent path, and thus, energy loss
will be reduced [6]. Also, Fig. 4a shows that bent waveguide
becomes thicker in connection zone, and bent is dragged out
from the curvature center. The phenomenon of movement of
bent waveguide respect to straight waveguide is applicable in
several cases of practical interest to reduce energy loss [6].
However, the performance of disjoint points on the upper sec-
tion of the connection zone, as shown in Fig. 4a, leads to
reﬂection of light. As a result of the reﬂectivity, light direction
is rectiﬁed into original, and then hence, the energy loss will be
reduced. In an alternative approach, one can employ continues
GA. Fig. 5 shows schematically how continues GA differs
from the discrete approach. In this approach, a quarter-disk
is placed in the curve, and then the radius of disk and its dis-tance to the output waveguide are optimized by applying con-
tinues GA. The resulting structure shows about %75.30
transport of the input energy to the output waveguide. At
the last stage, we shall apply discrete algorithm on bent area
with partitioned areas with index between 1 and 3.5. The sug-
gested structure is shown in Fig. 6a. In this ﬁgure, the pieces
with indices 1 and 3.5 are shown by brighter and darker colors,
respectively. Other pieces have indices between 1 and 3.5. Also,
the cells connected to input and output waveguide have refrac-
tive index equal 1.5. As an advantage of the approach, the en-
ergy loss in the waveguide is extremely small, Fig. 6b. It is seen
that about %97.22 of the input energy can be received by the
output waveguide. More investigation to Fig. 6a shows that
many areas have refractive index equals to straight wave-
guides. This prevents the reﬂection wave into straight input
waveguide at the boundary. It is also noted that the higher
refractive index has been used for outer boundary of the bent
Figure 5 Obtained structure by continues GA with 75.30%
transport.
Figure 6 (a) Refractive index distribution of obtained structure
that can be varied between 1 and 3.5. (b) Simulation result of wave
propagation through the obtained structure by Genetic Algorithm
with 97.22% transmission.
Figure 7 Energy loss versus wavelength.
Optimization of loss in orthogonal bend waveguide: Genetic Algorithm simulation 529area which allows reﬂection of the wave into the medium.
Fig. 6 depicts the energy loss versus wavelength. The structure
has nearly minimum loss as the wavelength is about 1 lm (see
Fig. 7).
3. Conclusions
It has been shown that a combination procedure of Finite Ele-
ment method for wave propagation analysis and a Genetic
Algorithm can be appropriate for designing a bent waveguide
with less energy loss. Discrete Genetic Algorithm on bent area
has been applied to ﬁnd a structure with minimal energy loss.
In this study, the obtained structures for bend waveguide are
out of mind, but they are in good agreement with presented
theories. The form of a disk with high refractive index inside
the bend waveguide in connection area is easily explained by
coupled mode theory (CMT). Waveguide must be thicker in
connection zone in comparison with straight waveguide, using
GA prediction. The performance of disjoint points with high
refractive index on the above section of connection area leads
to reﬂection of lost light into bend waveguide. To prevent back
reﬂection of wave into straight waveguide, refractive index of
bend waveguide is as same as straight waveguides refractive in-
dex. Gaussian wave with wavelength of 1 lm is close a mode of
bend waveguide.
Numerical simulations clearly show the differences which
occur when discrete or continue Genetic Algorithms are ap-
plied to design the bent area. Moreover, it illustrates the use-
fulness of Genetic Algorithm in providing theoretical results
in a simple manner. This method can be used to optimize
waveguides and its based devices for different purposes and
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